Abstract. Furnace is the most common and important part in metal industries. The useful concept of energy and exergy utilization is analyzed to investigate the energy and exergy efficiency, exergy losses, energy savings and cost benefit of an annealing furnace. The exergy efficiency of the combustor is found to be 47.05 %. The energy and exergy efficiencies of the annealing chamber are found to be 17.74 % and 12.86 % respectively. The overall energy and exergy efficiencies of the furnace are found to be 16.86 % and 7.30 % respectively. The annealing chamber is the major contributor for exergy destruction about 57 % of the annealing furnace. By using a heat recovery system from flue gas, about 8.11% of fuel can be saved within the payback period of less than 2 months. 
Introduction
Energy is the most important factor for automation and modernization. Automation and modernization is increasing rapidly in the industrial sectors. The industrial sector is one of the largest consumers of energy in Malaysia. Energy demand is rising with increasing degree of industrialization and population increase [1, 2] . Approximately 12 % of the world energy is used in the iron and steel industry. Energy cost is about 30 % of the total cost element in integrated steel works [3, 4] . Furnace is very common equipment in the metal industries and consumes a significant amount of energy [5] . Among the various iron and steel plants, furnaces are characterized by very high specific energy consumption [4] . About 36 % of total heat input is lost in the furnace [6] . By free-burning arcs, 10 % to 15 % of the energy is transferred to the furnace wall and 5 % to10 % to the furnace roof [4] . The first law of thermodynamics refers to the energy analysis which only identifies the losses of energy and effective use of resources. However, the second law of thermodynamics analysis takes the entropy portion into consideration by including irreversibilities [7] . Exergy destruction is a measure of irreversibility that is the source of performance loss [8] . Application of the second law of thermodynamics is generally preferred in energy analysis, since it gives more correct, reliable and meaningful results [9] . The energy efficiency was found to be 96 % according to the first law although the exergy efficiency was found to be 55 % according to the second law in the electric arc furnace. Overall exergy loss in the system was found to be 44.5 %. The exergy losses in the electric arc furnace were caused mainly by chemical reactions and heat transfer [3] . As the iron and steel industry is largest industrial energy consumer, so in order to minimize the energy costs, it is important to determine primary sources of irreversibilities. After locating the primary irreversibility sources, ways of minimizing them can be considered [10] . With increasing oil prices and higher environmental taxes, many industrial processes can make substantial cost savings by installing a heat recovery system. Heat recovery gives direct savings in terms of reduction of fuel consumption as well as indirect savings in reducing environmental impact [11] . As exhaust gas heat loss accounts for the greatest percentage of thermal loss, furnace efficiency is improved and fuel consumption is reduced [12] . Annealing is a process in which metals, glass and other materials are treated to render them less brittle and more workable [5] . Annealing furnace is very much common in the metal industry. There are many studies in the literature about the application of the second law in thermal plants. Although, insufficient in quantity, there are some studies regarding the iron and steel sector [10] . There are very limited works on energy and exergy analysis, energy savings of annealing furnace in the literature.
The aim of this study is to analyze the energy and exergy efficiency, exergy destruction, energy savings and cost benefits of the annealing furnace.
Mathematical formula
This section discussed basic of exergy, several basic mathematical relations for the energy and exergy.
Exergy
Exergy is defined as the maximum amount of work which can be produced by a system or a flow of matter or energy as it comes to equilibrium with a reference environment [13] . Exergy can be consumed or destroyed, due to irreversibilities in any real process. The exergy consumption during a process is proportional to the entropy created due to irreversibilities associated with the process. Exergy has been calculated by using Equation (1):
Energy and Exergy Efficiencies of Processes
The expression of energy (η) and exergy (ψ) efficiencies for the principle types of processes are considered in the present study based on the following definitions [13] [14] [15] 
DATA COLLECTION
Data has been collected from Pusat Tenega Malaysia (PTM). In this study, the data has been collected for an annealing furnace from PTM in January, 2010. Diesel is used as the fuel in the furnace. Necessary information for the analysis of the annealing furnace is shown in Table 1 . 
ANALYTICAL APPROACHES
This section describes about the method used to estimate the energy and exergy use, energy and exergy efficiencies, energy savings and cost benefit for an annealing furnace.
Annealing Furnace System
Heat balance analysis which is based on the first law of thermodynamics is the primary method to analyze energy use characteristics in the furnace. This method is used to analyze the situation of energy use and evaluate integrity of systems or equipments according to the conservation of energy principle, which may be expressed as follows: The net change (increase or decrease) in the total energy of the system during a process is equal to the difference between the total energy entering and the total energy leaving the system during that process [16] . A furnace can be divided into two parts: combustor chamber and annealing chamber as shown in Figure 1 . 
B. Energy and Exergy Analysis for Combustion Chamber

Chemical reaction in combustion chamber
The composition of the reactants (fuel and air) of a combustible mixture and the composition of the products depend only on the conservation of mass of each chemical element in the reactants. If sufficient oxygen is available, a hydrocarbon fuel can be completely oxidized. Diesel is a fuel used in the furnace. In this study, complete combustion has been considered. Stoichiometric mixture (airfuel mixture) is taken for the calculation as following: ( ) Thermodynamic properties (enthalpy and entropy) of different input and output parameters have been taken from the properties table of a thermodynamic book [17] and some are calculated by using the formula that are described above in the theoretical and formulation section as shown in Table 2 . Energy and exergy analysis for a combustor Heat is produced by burning fuel in the combustor that is transferred to the annealing chamber. The involvement to do any kind of work, kinetic and potential energies of the fluid streams are usually negligible. That is why, only the input energy (air and fuel) and output energy (hot produced) are to be considered for analysis. According to the conservation of energy, the input energy is equal to the output energy that is shown in Figure 2 
Exergy is generally not conserved as energy but destructed in the system. Exergy destruction is the measure of irreversibility that is the source of performance loss [8] . The exergy change of a system during a process is equal to the difference between the net exergy transfer through the system boundary and the exergy destroyed within the system boundaries as a result of irreversibilities that is shown in Figure 3 . The exergy balance in the combustion system can be written as follows [8, 18, 19] : 
Using Equation (3) and the above assumptions, the second law efficiency for combustor can be written as:
Energy and Exergy Analysis for an Annealing Chamber
The furnace can be modeled as a heat reservoir that supplies heat indefinitely at a constant temperature. The exergy of this heat energy is its useful work potential that is the maximum possible amount of work that can be extracted from it [17] . Annealing chamber is considered as the furnace part where the product is heated inside the furnace. In the analysis, AP Q . is considered only the rate of heat input to the product processing in the annealing process that is shown in Figure 4 . Annealing furnace is considered as reservoir where the heat is input in the annealing chamber. Temperature in the annealing chamber is carefully controlled. In the analysis, temperature of the annealing chamber is considered as the average temperature of the annealing process. Considering the furnace as heat engine, energy efficiency (thermal efficiency) can be calculated as following [13, 17] :
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Energy exists in different forms (e.g., heat or work), and energy is a measure of quantity. An energy source cannot be evaluated on its quantity alone. A measure of the quality of energy is its exergy, which is the work potential of energy in a given environment. For thermal energy, the Carnot efficiency represents the fraction of energy that can be converted to work [13] . Rate of exergy of the thermal energy can be calculated by using the following Equation [3, 13] :
Rate of exergy destruction of the annealing chamber can be calculated by the following Equation: (13) Using Equation (3) and the above assumptions, exergy efficiency for annealing chamber can be written as:
Overall Furnace Efficiency Overall energy efficiency of the furnace can be obtained by using the following formula:
Overall exergy destruction of the furnace is obtained by adding the rate of exergy destruction of the combustion chamber and annealing chamber as follows:
Overall exergy efficiency of the furnace can be obtained by using the following formula: 
E. Heat Recovery from Flue Gas
A significant amount of energy is lost through flue gas of the furnace. Average temperature of the flue gas is about 390 0 C. Recovering part of the heat from the flue gas can help to improve the efficiency of the furnace. Heat can be recovered from the flue gas by passing it through a heat exchanger that is installed after the furnace. The recovered heat can be used to preheat combustion air and this will absolutely save the energy use. Rate of heat recovery from flue gas can be expressed as [18, 20] :
. (18) 
RESULTS AND DISCUSSIONS
Energy and Exergy Efficiency, Exergy Destruction of CombustoraAnd Annealing Chamber
In the furnace, the combustor is considered as an adiabatic system. Since the furnace is an adiabatic combustor and the specific enthalpy of the fuel is equal to the higher heating value, the efficiency is considered 100 % [18] . The temperature of the hot products is higher compared to the annealing chamber in the annealing furnace. There is a rapid temperature reduction in this process and due to this reason exergy is destroyed rapidly. Apart from the temperature variation, the irreversibilities in combustion reaction also cause of exergy destruction. Exergy efficiency and rate of exergy destruction of the combustor are 47.05 % and 215.14 kJ/s respectively. Energy and exergy efficiencies of the annealing chamber are 17.74% and 12.86 % respectively. The rate of exergy destruction of the annealing chamber is 283.76 kJ/s.
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Overall Furnace Efficiency and Exergy Destruction
The overall furnace energy and exergy efficiencies are 16.86% and 7.30% respectively. The rate of exergy destruction in the furnace is 514.55 kJ/s. The exergy destruction in the annealing chamber is high (about 57 %) compared to the combustor (about 43 %) of the furnace. Temperature difference is the driving force of heat transfer. It is a typical irreversible phenomenon that heat is transferred due to limited temperature difference, thus there is exergy loss existing in this process. Exergy loss due to heat transfer is related to temperature difference. The greater temperature difference, the greater exergy loss; On the contrary, the smaller temperature difference, the smaller exergy loss [16] . Since no actual process is truly reversible, some entropy is generated during a process. The more irreversible a process, the larger the entropy generated during that process [17] . Both exergy destruction and exergy waste represent exergy losses. However, large exergy destruction may imply a large use of exergy input that may cause environmental damage [21] .
Heat Recovery from Flue Gas and Energy Savings
A significant amount of energy is lost through the flue gas of the furnace. Average temperature of the flue gas is about 390 0 C. Since the minimum allowable stack gas temperature is 120 0 C, the reduction in temperature for the flue gas that can be achieved about 270 0 C. The recovered heat can be used to preheat the combustion air and this will absolutely save the energy. The rate of heat recovery is 113.8 MJ/hr that can save fuel about 3.08L/hr. The furnace is operated about 3780 hours/year, hence, the fuel and cost savings 11,642.40 L/yr and 17,463.60 RM/yr. By taking the cost of heat recovery system in the furnace is around RM 2400 [22] payback period is 1.65 months. Hence, within about 2 months, the cost of a heat recovery system can be recovered if this method is applied to save energy in a furnace. Modern burners can withstand much higher combustion preheat air. Fuel consumption can be reduced about 25% by using the preheated air of high temperature about 1327 0 C [12] .
CONCLUSIONS
The furnace energy utilization has been found that the major exergy loss (57 %) is occurred in the annealing chamber. The overall furnace energy efficiency is 16.68 % where the exergy efficiency is only 7.30 %. By using the heat recovery system, about 113.76 MJ/hr can be recovered within the payback period of less than 2 months. Recovered heat can be used to preheat the combustion air that can help to improve the overall efficiency of the furnace and hence can save fuel about 8.11 % (e.g. 3.08 L/hr about 38 L/hr).
